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A novel protein super-secondary structure which is referred to as an acz-corner is considered. The cy(y- 
corner is formed by two consecutive a-helices packed approximately crosswise and connected by two or 
more peptide units. It is shown that the amino acid sequences coding for the uzz-corners have a strictly 
definite order of hydrophobic, hydrophilic and glycine residues. A hypothesis suggested that the W-Y- 
corner can be an embryo of protein folding. 
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1. INTRODUCTION 
One of the most basic features of globular pro- 
teins is that some of their structural regions are 
folded into repetitive units, the so-called super- 
secondary structures. Authors in [l] were the first 
to report the super-secondary structure for a//3- 
proteins. Later the 4+helical super-secondary 
structure of a-proteins [2-41 and the abed-unit 
which is the super-secondary structure of ,&- 
proteins [5] were revealed and studied. 
Here we consider a novel super-secondary struc- 
ture of proteins which represents a structure form- 
ed by two consecutive cy-helices connected by a 
polypeptide chain and packed approximately 
crosswise. Such locally ordered regions of proteins 
are denoted as aa-corners in contrast to the a- 
hairpins where cu-helices are packed approximately 
antiparallel. 
2. CONFORMATION OF A POLYPEPTIDE 
CHAIN FOLDED INTO AN W,-CORNER 
A schematic representation of an am-corner with 
a short connection consisting of two peptide units 
is shown in fig.1 (according to the IUPAC-IUB 
Commission on Biochemical Nomenclature [6] a 
Embryo of folding 
peptide unit is the -CHR-CO-NH- group of atoms; 
in the figure such units are shown by virtual bonds 
joining consecutive &-atoms). There are no 
shorter connections in mu-corners because of the 
Fig.1. Schematic representation f a right-handed a~- 
corner with a short connection consisting of two peptide 
units. Hydrophobic side chains are designated by solid 
circles; hydrophilic side chains and Gly are shown by 
open circles or not shown at all; side chains which are 
partly immersed in the hydrophobic core are shown by 
semi-solid circles, such side chains can be either 
hydrophobic or hydrophilic; (YL andP are conformations 
of the corresponding residues. See also the text. 
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overlapping of van-der-Waals radii of the (Y- 
helices. 
The first a-helix of the aa-corner starting from 
the N-terminal will be referred to here as the A- 
helix and the second one as the B-helix. The short 
connection joining two cu-helices of the cury-corner 
must have an extended conformation and be 
oriented approximately perpendicular to the axes 
of the A- and B-helices. This is possible if the C- 
terminal residue of the A-helix has an CYL- 
conformation (or one close to that) and if the N- 
terminal residue of the B-helix has a ,& 
conformation. Thus, a polypeptide chain of the 
cYcY-corner with a short connection consisting of 
two peptide units has an . ..~~RCYRCYI&ZWYR.. .- 
conformation, where aR, CYL and p are residues 
with Ss and 4 angles, corresponding to the right- 
handed a-helix (CYR), left-handed a-helix (CYJ_) and 
&structure (@ regions on the Ramachandran plot. 
It is clear that this conformation must be con- 
sidered as the average one. cuLu-Corners with such 
a conformation of the polypeptide chain will be 
described here as right-handed crcy-corners (fig. 1). 
To form a left-handed arm-corner from a right- 
handed one, it is necessary to turn one of the two 
r-helices by 180” (e.g., the B-helix). It is clear that 
such a rearrangement leads to a conformation of 
the connection where strong steric hindrances take 
place. This may be the reason for the absence of 
left-handed CyLu-corners in proteins. Details of a 
stereochemical analysis including statistical data 
will be described elsewhere [7]. 
There are many CyLy-corners with long connec- 
tions consisting of three and more peptide units in 
proteins. Such connections can have conforma- 
tions of a P-strand, an a-helix and a P-turn or can 
be formed by a combination of such regions. 
However irrespective of the length and conforma- 
tion of the connections, aa-corners are practically 
always right-handed ones in proteins. 
3. FEATURES OBSERVED IN AMINO ACID 
SEQUENCES CODING FOR ma-CORNERS 
Let us consider the relationship between the 
amino acid sequence and the structure of an ~yty- 
corner with a short connection consisting of two 
peptide units. To avoid strong steric hindrances, 
the C-terminal residue of the A-helix with an CYL- 
34 
conformation must be Gly, Ala or a residue with 
a long and flexible side chain (e.g., Lys, Arg, . . .) 
and, vice versa, this residue must not be Val, Be, 
Leu, Phe, Tyr, Trp and Thr. This conclusion is 
confirmed by experimental data: of the 16 patterns 
shown in fig.2 18-211 11 C-teminal residues of the 
A-helices are glycines, 3 are lysines, one is 
arginine, one is histidine and none are massive 
hydrophobic residues. It is noteworthy that this is 
characteristic of every a-helix having an ar-residue 
terminating it [7,22]. 
A peculiarity of the first residue of the B-helix is 
that it has a~-conformation and that its side chain 
is directed towards the B-helix axis. That is why 
massive hydrophobic residues cannot occupy the 
first positions of the B-helices: their side chains 
cause dehydration of the free NH-groups of the 
polypeptide backbone which is prohibited. Neither 
of the 33 patterns shown in fig.2,3 contain Val, Be, 
Leu, Phe and Trp residues in the first positions of 
the B-helices while Tyr occurs twice. More often 
the first positions are occupied by Ser, Thr, Asn or 
Asp residues which usually form hydrogen bonds 
with the free NH-groups of the backbone. This 
feature is also observed for every m-helix with a ,/3- 
residue in the first position [7]. The fact that short 
hydrophilic residues prefer to occupy the first three 
positions of a-helices was also shown in 133,341. 
There are definite features in the order of 
hydrophobic and hydrophilic residues of amino 
acid sequences coding for the au-corner structure. 
To avoid an immersion of polar groups into the 
hydrophobic environment here should be at least 
one hydrophobic side chain in each turn of an a- 
helix. A hydrophobic cluster formed by such side 
chains on the a-helix surface is denoted here as a 
‘necessary cluster’ (see also [4]). In fig.1 the 
necessary clusters of the A- and B-helices are 
shown by solid circles. The main feature is that the 
last hydrophobic residue of the A-helix necessary 
cluster and the first hydrophobic residue of the B- 
helix necessary cluster form a pair in positions 
l-8. In other words, there is a I-8-gap between 
the hydrophobic necessary clusters of the A- and 
B-helices. The residue forming a l-3 pair with the 
last hydrophobic residue of the A-helix necessary 
cluster is completely buried in the hydrophobic 
core and must be hydrophobic. Thus, an amino 
acid sequence coding for the curY-corner with a con- 
nection consisting of two peptide units must have: 
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Fig.2. Alignment of the amino acid sequences coding for Lya-corners with short connections. Regions of the sequences 
and the proteins containing them are listed in the right part of the figure; IYR, CYL and/3 are conformations of the residues 
in the corresponding columns; hydrophobically invariant residues are encircled; vertical lines show the C-terminus of 
the A-helix and the N-terminus of the B-helix. 
(i) hydrophobic residues in the corresponding 
positions to form necessary clusters of the A- 
and B-helices; 
(ii) a l-3-g-gap between the necessary clusters; 
(iii) residues Gly or Arg and Lys in the last posi- 
tion of the A-helix; 
(iv) hydrophilic or small residues (Gly, Ala, Pro) 
in the first position of the B-helix. 
The above is confirmed by the data presented in 
fig.2 which shows the alignment of 16 amino acid 
sequences coding for aa-corners with short con- 
nections. Each column contains structurally 
similar residues. Columns headed by 1, 3 and 8 
represent hydrophobic residues forming the 
l-3-g-gaps between the necessary clusters. As 
seen, these residues are hydrophobically invariant 
irrespective of whether the proteins are 
homologous or not. Almost all the positions form- 
ing the necessary clusters of the A- and B-helices 
are hydrophobically invariant as well. Sometimes 
residues Thr and Ser can be like hydrophobic ones 
because their side chains form hydrogen bonds 
with the main chain and no dehydration occurs. 
Residues Lys, Arg, Gln, Glu can be on the borders 
of hydrophobic clusters as they have long 
‘hydrophobic legs’. In our opinion, the features 
described can be successfully applied to predict the 
location of the cuty-corners in protein structures 
from their amino acid sequences. 
Fig.3 shows the alignment of the 17 amino acid 
sequences coding for Ly(y-corners with long connec- 
tions consisting of three and more peptide units. 
The features observed are similar to those of the 
sequences coding for aa-corners with short con- 
nections. There are hydrophobically invariant 
residues in the positions forming the necessary 
clusters of the A- and B-helices whether or not the 
amino acid sequences are homologous. There is 
practically always a hydrophobic residue in the 
position forming a l-6 pair with the first 
hydrophobic residue of the B-helix necessary 
cluster (this 1-6 pair is like the 3-8 pair of the 
I-3-g-gaps in @a-corners with short connections; 
see fig.2). It should be noted that at least one 
35 
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Fig.3. Alignment of the amino acid sequences coding for rucx-corners with long connections. resignations are the same 
as in fig.2. 
residue, either Gly or Arg and Lys is found at the 
end of the A-helix or in the connection region. 
4. PACKING OF THE REMAINING 
wHELICES OF A PROTEIN MOLECULE 
RELATIVE TO THE CZWCORNER 
e-Helices joined to the A-helix in a protein 
molecule will be designated here as Al, AZ, . . . in 
the order of their receding from the A-helix in the 
chain. cr-Helices joined to the B-helix will be cor- 
respondingly designated as Br , B2, . . . . The pack- 
ing of the Al, AZ, . . . and B1, Bz, . . . helices relative 
to the ma-corner in proteins has the following 
features. Three consecutive ar-helices packed to 
form two (y(y-corners are folded into a left-handed 
superhelix (see structures labeled I, V, VII, X, XII, 
XIII in fig.4). If only two of the three consecutive 
cY-helices form an tycu-corner, the third a-helix is 
packed in such a way that the Bt- and B-helices 
form a BBr-hairpin (see structure II in the figure), 
and the Ai- and A-helices form an AA1-hairpin 
(structure III). Possible pathways of growing the 
structures with a step-wise addition of other LY- 
helices are shown in fig.4. The packing of a subse- 
quent a-helix depends on the packing of a-helices 
in the structures shown in the left part of the 
scheme. In other words, there exists an in- 
tramolecular elationship between the arrangement 
of secondary structure elements in different parts 
of a protein molecule (see also [4,5]). 
The peculiarity is that there is a limited number 
of pathways to obtain all the protein structures 
containing cycy-corners. Thus, the scheme can be 
considered as a key for searching similarities bet- 
ween these protein structures. Common structural 
features rather than the homology of the amino 
acid sequences is the basis of such similarities. 
The analysis of the features described here has 
allowed us to propose a hypothesis that the cycy- 
corner can be an embryo of protein folding (an 
analogous hypothesis has been suggested for P- 
proteins in which an abed-unit can be an embryo 
of folding [5]). 
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Fig.4. A scheme of growing the structures using a stepwise addition of ty-heiices when an cy(y-corner is taken as the 
initiating complex. cr-Helices are shown by cylinders; connections are simplified. Proteins or their regions which have 
corresponding structures are denoted under them. See aIso the text. 
5. DISCUSSION 
A comparative analysis of the known super- 
secondary structures reveals some common 
features in their arrangement. The super- 
secondary structures are formed by secondary 
structure segments adjacent along the polypeptide 
chain. As a rule, super-secondary structures con- 
tain two layers of ru-hebces and (or) P-strands. A 
super-secondary structure has a unique 
handedness; e.g., Rossmann’s fold is right-handed 
and only right-handed CyLy-corners occur in the pro- 
teins. In each super-secondary structure the spatial 
arrangement of cr-helices and (or) P-strands is 
practically the same for all the proteins in which it 
is found, no matter whether they are homologous 
or not. The analysis shows that there is at least one 
super-secondary structure in a domain of most 
known proteins. As has been shown in 151 and also 
in fig.4 of this paper, a super-secondary structure 
can determine the packing of the remaining secon- 
dary structure elements in a protein molecule or a 
domain Apparently, there is a definite relation 
between the amino acid sequence of a region fold- 
ed into a super-secondary structure and its struc- 
ture independent of the remaining sequence of a 
molecule (that is shown for the cycy-corners and for 
the 4-ry-helical super-secondary structure [4]). All 
this has led us to a hypothesis that a super- 
secondary structure can fold independently of the 
remaining part of a protein molecule and can be an 
embryo of folding. 
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